The Tetrahymena Ca 2+ -binding protein of 25 kDa (TCBP-25) is a calmodulin family protein containing four EF-hand type calcium-binding domains. TCBP-25 is localized in the whole cell cortex and around both the migratory and stationary pronuclei at the pronuclear exchange stage during conjugation. TCBP-25 is expected to play an important role in conjugation, though its function during sexual reproduction has not been elucidated. According to the localization of this protein and its timing, three possible roles of TCBP-25 are proposed. TCBP-25 may play a role in 1) differentiating the two functional pronuclei from the degenerative postmeiotic nuclei, 2) the process of pronuclear exchange and 3) pronuclear fusion. To test these hypotheses, the localization of TCBP-25 in conjugation mutants (cnj10, cnj7 and bcd2) was examined. The results ruled out the first and the third hypotheses and suggested that TCBP-25 may play a role in pronuclear exchange. In the next step we succeeded in reducing expression of the TCBP-25 gene using the antisense ribosome system, and we analyzed the phenotype of the transformants. The knock down of TCBP-25 function also suggests that TCBP-25 plays a role in the pronuclear exchange and in the maintenance of cell shape. Abbreviations: TCBP-25, Tetrahymena Ca 2+ -binding protein of 25 kDa; BUdR, 5-bromo-2'deoxyuridine.
Introduction
Ciliates are unicellular organisms that have a macronucleus and a micronucleus within the same cell. Nuclear dimorphism is one of the features that sets ciliates apart. The two kinds of nuclei perform specific functions. The macronucleus is a transcriptionally active polygenomic nucleus, which performs the somatic functions of the cell. The diploid micronucleus is a transcriptionally silent nucleus that serves as a germinal nucleus during conjugation, the sexual process of ciliates. Conjugation in the ciliate Tetrahymena thermophila is an orderly developmental process during which cell pairing, meiosis, fertilization and differentiation of new somatic and germinal nuclei occur (Doerder and DeBault, 1975; Martindale et al., 1982; Orias, 1986) .
Fertilization in T. thermophila includes a reciprocal exchange of migratory gametic pronuclei across a conjugation junction that separates the two conjugating cells (Cole, 2006) . Microtubules play a key role in pronuclear exchange. The exchange of gametic pronuclei can be blocked with microtubule assembly inhibitors (Hamilton and Suhr-Jessen, 1980) . A hemispherical meshwork of microtubules, the fertilization basket, associates with each migratory pronucleus at the pronuclear exchange stage during conjugation (Orias et al., 1983) . The stationary pronuclei are surrounded by microtubules and anchored to the conjugation junction by a thin microtubule bundle (Gaertig and Fleury, 1992) .
Three proteins are also known to be associated with pronuclei at the exchange stage. One is a 14-nm filamentforming protein, which is localized around the migratory pronucleus (Numata et al., 1985; Takagi et al., 1991) . The second protein, fenestrin, is localized in the conjugation junction and around all gametic pronuclei (Nelsen et al., 1994) . The third protein, TCBP-25, is localized around both the migratory and stationary gametic pronuclei (Hanyu et al., 1995) . The functions of these proteins and the mechanism of pronuclear exchange have yet to be clarified. Here we focus on the potential role of TCBP-25 during pronuclear exchange and its association with cytoskeletal structures.
TCBP-25 is a calmodulin family protein. The analysis of cDNA shows that TCBP-25 is composed of 218 amino acids, and its molecular weight is estimated to be 24.7 kDa (Takemasa et al., 1989) . The accession numbers of the TCBP-25 gene are J05109/J05110. Based on its deduced amino acid sequence, this protein contains four Ca 2+ -binding sites of the EF-hand type. TCBP-25 is localized in the whole cell cortex except for the oral apparatus and in and around the basal bodies (Hanyu et al., 1995) . This protein remains in detergent-extracted cells, suggesting that it is associated with the insoluble cytoskeleton underlying the plasma membrane of Tetrahymena. Ultrastructural observa-tions show that TCBP-25 is associated with the epiplasm. Furthermore, TCBP-25 is localized around both the migratory and stationary gametic pronuclei at the pronuclear exchange stage during conjugation. Hanyu et al. (1995) proposed two roles for TCBP25 during conjugation: 1) differentiating the two functional gametic pronuclei from the other three degenerative nuclei or 2) pronuclear exchange. We propose an additional, third hypothesis that TCBP-25 may play a role during pronuclear fusion. As conjugation in T. thermophila consists of many Fig. 1 . Phenotype of cnj10, cnj7, and bcd2. This diagram shows five events of wild type nuclear behavior during early and middle stages of conjugation, and mutant phenotypes of cnj10 (A), cnj7 (B) and bcd2 (C) and a summary of those nuclear behaviors. First: one of the four meiotic products is selected and anchored to the conjugation junction. The remaining nuclei (gray) are destined for elimination. Second: the selected nucleus begins the third prezygotic division. Third: the 3rd division produces a migratory pronucleus and a stationary pronucleus. The migratory pronucleus is anchored to the conjugation junction and takes on a lens shape surrounded by microtubules. Fourth: each pair exchanges the migratory pronuclei. Fifth: the migratory and stationary pronuclei fuse forming the synkaryon. complicated nuclear events, mutations that eliminate specific developmental steps can prove useful in dissecting the developmental logic. The developmental dependencies affecting micronuclear behaviors during conjugation were revealed by analysis of mutants Cole and Soelter, 1997) . In the present study, to understand the function of TCBP-25 during sexual reproduction and to test our hypotheses, the localization of TCBP-25 was analyzed in conjugation mutants, cnj10, cnj7 Cole and Soelter, 1997) and bcd2 (Cole, 1991) , each of which exhibit aberrant nuclear behaviors during conjugation from micronuclear selection to pronuclear fusion (Fig. 1) .
In a subsequent experiment, we reduced expression of TCBP-25 gene using the antisense ribosome system. In T. thermophila, ribosomal RNA (rRNA) has been successfully used as a vehicle for the expression of antisense RNA that reduces or eliminates target gene expression (Sweeney et al., 1996) . Using the antisense ribosome system, we succeeded in reducing expression of the TCBP-25 gene. To analyze the function of TCBP-25 in detail, we examined the phenotype of TCBP-25 knock down cells.
Materials and Methods

Strains
The strains of Tetrahymena thermophila used were CB1 and CH1 (mating type II and VII, respectively) kindly supplied by Dr. T. Sugai (Ibaraki University, Mito, Ibaraki, Japan). Conjugation mutants bearing aberrant behavior, cnj10 (mating type V and VII), cnj7 (mating type II and V) and bcd2 (mating type II and VI) were used. For the antisense ribosomal system, the strains of Tetrahymena thermophila used were CU427-Chx/Chx (cy-s, mating type VI), CU428-Mpr/Mpr (mp-s, mating type VII) and B2086 (mating type II) generously provided by Dr. P. J. Bruns (Cornell University, Ithaca, NY, U.S.A.).
Culture medium and growth conditions
The growth medium used throughout these experiments was an iron-supplemented proteose peptone medium: 0.25% proteose peptone, 0.25% Difco yeast extract, 0.5% glucose, 0.033 mM FeCl3 . Strains were grown in 300 ml Erlenmeyer flasks at 30°C.
Induction of conjugation
The cells were prestarved in 10 mM Tris buffer (pH 7.4) at 3.0×10 5 cells/ml for 20 h at 30°C. Equal numbers of complementary mating-type cells were mixed, and the cells were incubated at 30°C.
Direct sequencing
Total genomic DNA was extracted from macro-and micronuclei of T. thermophila prepared by the methods of Gaertig et al. (1994b) . The TCBP-25 DNA was amplified by PCR using the set of oligonucleotide primers: 5'-AAGAATCTTCGAAAACTAC-GAC-3' and 5'-AAAATGTCTCAAATACAAAGCA-3'. The thermal cycle parameters were as follows: denaturation at 94°C for 15 sec, annealing at 48°C for 30 sec and extension at 68°C for 1 min. This pattern was repeated for 30 cycles. PCR products were directly sequenced with a DNA autosequencer (ABI Prism 377, Perkin-Elmer Corp., UK) using the dye-terminator method following the manufacture's instructions (Dye-Terminator Cycle Sequencing Core Kit, Perkin-Elmer Corp.).
Electrophoresis and immunoblotting analysis
Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was carried out according to the method of Laemmli (1970) . Tetrahymena cells were solubilized with 8 M guanidine HCl containing 10% 2-mercaptoethanol and 0.1 M Tris-HCl (pH 7.5), and dialyzed against 7 M urea, as described by Hirabayashi et al. (1983) . Each protein sample was subjected to SDS-PAGE using 15% polyacrylamide gel. The proteins resolved by SDS-PAGE were transferred onto polyvinylidene fluoride (PVDF) membranes (Immobilon-P, Millipore, U.S.A.). The membranes were blocked with 3% non-fat dried milk in phosphate-buffered saline (PBS, 145 mM NaCl, 7.4 mM Na2HPO4 and 2.6 mM NaH2PO4, pH 7.4) containing 0.05% Tween 20 and incubated with a rabbit anti-TCBP-25 polyclonal antiserum (Hanyu et al., 1995, 1:200 dilution) . The immunoblots were visualized with an alkaline phosphataseconjugated goat anti-rabbit IgG antibody (Tago, U.S.A., 1:2,000 dilution), using a BCIP/NTB phosphatase substrate system (KPL, U.S.A.).
Indirect immunofluorescence microscopy
Single immunofluorescence staining for TCBP-25 was performed according to the method of Hanyu et al. (1995) , except that permeabilization was carried out for 6 min with 0.1% Triton X-100 containing protease inhibitors (25 μg/ml leupeptin, 0.1 mM N αtosyl-L-lysyl chloromethylketone, 5 μg/ml pepstatin A, 1 mM phenylmethylsulfonyl fluoride). Double immunofluorescence staining for TCBP-25 and α-tubulin was performed by the method of Fujiu and Numata (2000) , except for using protease inhibitors (50 μg/ml leupeptin, 0.02 mM N α -tosyl-L-lysyl chloromethylketone, 5 μg/ml pepstatin A), and PiEM (10 mM Pipes, 10 mM EGTA, 5 mM MgSO4, pH 6.9) instead of PEM buffer solution. At the end of the immunofluorescent staining procedure, the cells were washed with PiEM. To visualize DNA, the cells were stained with propidium iodide. The cells were incubated with 1 mg/ml RNase for 45 min at 30°C, then with 30 μg/ml propidium iodide for 30 min at room temperature. After washing 3 times, the cells were mounted over 1 drop of each buffer containing 50% glycerol (Mikroskopie, Merck, Germany) and the anti-fading reagent p-phenylenediamine at 1 mg/ml. The cells were observed with a confocal microscope (LSM510, Zeiss, Germany).
For nuclear labeling, immunological staining of nuclei with 5-bromo-2'-deoxyuridine (BUdR) was carried out according to the method of Cole (1991) . A stock solution of 10 -2 M BUdR (Sigma, U.S.A.) was prepared. BUdR stock solution was added to a vegetatively growing culture of Tetrahymena in the growth medium (final concentration of 10 -4 M) for the final 12 h of cell growth. Culture flasks were covered in foil to prevent light-induced nuclear damage. Labeled and unlabeled cells were rinsed in 10 mM Tris buffer (pH 7.4) and the stock BUdR was added to the labeled cells. The cells were incubated in Tris buffer for 20 h for starvation. Labeled cells were rinsed twice in Tris buffer and mixed with their unlabeled partners. At appropriate time intervals after mixing, mating pairs were dried onto poly-L-lysine coated microscope slides and processed (Beisker et al., 1987) . Processing involved fixing cells in 50% ethanol and 0.7% Triton X-100 for 10 min, immersing the cells in 50% ethanol and 1% SDS for 10 min, and then denaturing the cell's DNA by a 30 min treatment in 0.1 N HCl with 0.7% Triton X-100, and finally boiling the slides for 10 min in doubledistilled water. Slides were then plunged into double-distilled water at 0°C to prevent reannealing of the DNA, dipped into 0.1% BSA in Tris-buffered saline (TBS, 50 mM Tris, 200 mM NaCl, pH 7.6) for 30 min and left to incubate overnight with an affinity purified monoclonal antibody against BUdR (Beckton-Dickinson, U.S.A., 1:50 dilution in 1.0% BSA-TBS). After washing three times with 0.1% BSA-TBS, the cells were incubated with a Cy3conjugated anti-mouse IgG antibody (KPL, 1:400 dilution in 1.0% BSA-TBS) for 1 hour. After washing twice with 0.1% BSA-TBS, to visualize DNA, the cells were stained with DAPI. The cells were mounted over 1 drop of DAPI staining mixture: BSA-TBS containing 50% glycerol, the anti-fading reagent p-phenylenediamine at 1 mg/ml and 1 μg/ml DAPI. The cells were observed with a fluorescent microscope (Axioskop, Zeiss).
Insertion of gene fragments into 5318DN
A DNA fragment encoding an antisense RNA was introduced into the rDNA vector 5318DN (Sweeney et al., 1993) , which contains the T. thermophila rDNA with a polylinker already inserted within an rRNA variable region. Two fragments were prepared. One of them, short fragment, consists of 69-bp of the 5' UTR and 22-bp of the coding region of TCBP-25 cDNA. The other, long fragment, consists of 69-bp of the 5' UTR and 41-bp of the coding region of TCBP-25 cDNA. The fragments were amplified from the cDNA library of T. thermophila. Oligonucleotide primers were designed based on EST (Id: 10824808, name: 5009-0-31-A01.t.1, Turkewitz et al., 2002) . Their sequences were as follows: 5' region of short and long constructs, 5'-AATGCGGCCGCTCTAGAAAAAG-3'; 3' region of short construct, 5'-GCTGGTACCGAGTTTGAGAG-TATTGAGCCAT-3'; 3' region of long construct, 5'-GCTGGTAC-CGTGAAACCAGAAGATCTGAGAG-3'. The fragments were digested with NotI (Boehringer, Germany) and Acc65I (Promega, U.S.A.) before ligation, and then inserted into NotI and Acc65I sites of 5318DN. The structures of these constructs were verified by sequencing the inserted sequence. The following discrepancies between the inserted sequence and the TIGR macronuclear genome sequence were noted. Both fragments contained two 1-bp insertions between position -45 and -46, and -55 and -56. The numbering is relative to the initiation codon, AUG, where the A is +1.
Transformation and selection of transformants
The rRNA gene in 5318DN bears the Pmr mutation (Bruns et al., 1985; Spangler and Blackburn, 1985) , which confers paromomycin resistance, a selectable phenotype. Mating strains CU427 and CU428 were transformed with 10-15 μg of the rDNA vector by electroporation, according to the method of Gaertig et al. (1994a) except that the electroporator used was Gene Pulser (Bio-Rad, U.S.A.) and the settings were: voltage at 230 V, capacitance at 25 μF and resistance at 400 ohms. Transformants were selected and isolated as single cells, and then subsequently grown in iron-supplemented proteose peptone medium plus paromomycin (130 μg/ ml) at 30°C.
Assay of target protein
Total cell lysates were prepared from three short tranformants, three long transformants and wild type cells using 8 M guanidine HCl containing 10% 2-mercaptoethanol and 0.1 M Tris-HCl (pH 7.5). Those cell lysates were prepared from cells of the same number, and were analyzed by SDS-PAGE. Immunoblotting analysis using an anti-TCBP-25 antiserum was carried out, the density of stained band was analyzed by Bio image analyzer (BAS 5000, FUJI FILM Co., Ltd., Japan), and the expression level of TCBP-25 was determined by using quantification software (Image Gauge, FUJI FILM Co., Ltd., Japan).
Sexual immaturity test and mating type test
Subcloned cells were mixed with prestarved testers, B2086 (mating type II), CU427 (mating type VI) and CU428 (mating type VII) in flat-bottomed 96-well plate. At 10 h after mixing, each well was scored for pair formation. All three starved mating type testers were mating-reactive at the time of these tests.
Results
Comparison of expression level and localization of TCBP-25 between wild type and three mutants
We observed the localization of TCBP-25 in conjugation mutants: cnj10, cnj7 Cole and Soelter, 1997) and bcd2 (Cole, 1991) . cnj10 has a severely reduced ability to execute anchoring post-meiotic nuclei to the conjugation junction, pronuclear exchange and pronuclear fusion ( Fig. 1A) . cnj7 eliminates the third prezygotic nuclear division while recruiting meiotic nuclei to perform as gametic nuclei (Fig. 1B) . bcd2 frequently select two meiotic products (rather than the typical one) which both undergo a gametogenic division and nuclear exchange.
Post-exchange nuclei fail to execute pronuclear fusion (Fig. 1C ). The phenotypes of these mutants are well suited for testing functional predictions of the role of TCBP-25.
To determine whether each mutant has a defect in the TCBP-25 gene, sequences of TCBP-25 gene from wild type and three mutants were compared. The TCBP-25 sequences obtained from the mutants were all wild type. To compare the expression level of TCBP-25 in each mutant, expression of TCBP-25 was examined by Western blot. The expression levels of TCBP-25 between wild type and mutants were the same (Fig. 2) . Since the TCBP-25 gene is unchanged and its protein is expressed at normal levels in these mutants, any variation in localization of TCBP-25 depends on the mutant phenotype.
To investigate the localization of TCBP-25 in cnj10, cnj7 and bcd2, immunofluorescence microscopy using an anti-TCBP-25 antiserum was performed. In wild-type pairs, TCBP-25 was localized around both the migratory and stationary gametic pronuclei at the pronuclear exchange stage (Fig. 3A) . In cnj10 pairs, TCBP-25 was never localized around the pronuclei, even in those few pairs that produced them (Fig. 3B) . In cnj7 pairs, TCBP-25 was also never localized around the meiotic products despite "docking" of a meiotic product at the stage corresponding to the pronuclear exchange stage (Fig. 3C) . In bcd2 pairs, TCBP-25 was localized around all four gametic nuclei anchored at the exchange junction (Fig. 3D ). The bcd2 pairs (Fig. 3D ) frequently exhibited one extra micronucleus, and multiple nuclei collected at the exchange junction. (It has been postulated that the bcd mutant cells select two meiotic products, and that each divides resulting in supernumerary pronuclei (Cole, 1991) ). These observations reveal that both cnj10 and cnj7 cells fail to decorate nuclei with TCBP-25 during mating.
In order to study the relationship between TCBP-25 localization and the cytoskeleton during conjugation, double immunofluorescence staining of TCBP-25 and αtubulin was performed in cnj10 pairs which are defective in both anchoring post-meiotic nuclei to the conjugation junction and pronuclear exchange. In wild-type pairs, TCBP-25 and α-tubulin are localized around both migratory and stationary pronuclei at the pronuclear exchange stage. In addition, an astral localization of α-tubulin extending from the pronucleus periphery to the cytoplasm was observed (Fig. 4, left panels) . On the other hand, in cnj10 pairs TCBP-25 and α-tubulin were not localized around the pronuclei, which were also not anchored to the conjugation junction, and the astral microtubules were also not observed (Fig. 4 , right panels). Furthermore, in wild-type pairs α-tubulin was localized around the pronuclei before TCBP-25 appeared, and TCBP-25 was never localized around pronuclei without the existence of α-tubulin.
Disruption of TCBP-25 expression
Antisense knock down of TCBP-25 was performed by two types of antisense RNA. Antisense rDNA which contained either a short (91-bp) or long (110-bp) insertion, were transformed into mating strains CU427 and CU428. By paromomycin selection, the positive populations: 7 populations (short), 5 populations (long) and 46 populations (control) were obtained. After 9 days, single cells were isolated from the drug resistant populations and the clones were sub-cultured in iron-supplemented proteose peptone medium plus paromomycin (130 μg/ml) at 30°C. To determine whether rDNA bearing the antisense insertion was present in the transformants, amplification of the inserted sequence by PCR was performed. The results showed that all clones except for one had rDNA bearing the antisense insertion (data not shown).
To assess the efficiency of the antisense knock down, the expression level of TCBP-25 was determined by Western blot. The Western blot analysis was performed using two short transformants, short-a and short-b, which were transformed with rDNA containing the short fragment and two long transformants, long-a and long-b, which were transformed with rDNA containing the long fragment. The expression levels of TCBP-25 in the transformants were reduced to 2.7% (short-a), 8.4% (short-b), 0.3% (long-a) and 2.3% (long-b), of that of wild type (Fig. 5, A and B , upper panels). The expression level of α-tubulin was also assayed as a control. The expression levels of α-tubulin in wild type and those of the transformants were almost the same (Fig. 5, A and B , lower panels), suggesting that general protein translation was not affected by the transformation with antisense rDNA vector. The western blot analysis showed that the reduction of TCBP-25 level was caused by the antisense RNA sequences inserted into rRNA. Therefore, the reduction in gene expression of TCBP-25 using the antisense ribosome system was successful. 
Effects of TCBP-25 knock down on vegetatively growing cells
When the short transformants were cultured with shaking, much cellular debris was observed compared to the control transformants. The growth rate of short-a and short-b transformants were determined when they were cultured without shaking at 30°C (Fig. 6A) . The doubling times during exponential growth for wild type, short-a and short-b were 3.0, 5.0 and 6.5 h respectively. The long transformants exhibited a much slower growth (data not shown). A lot of cell debris was observed in the culture despite no shaking (Fig. 6B, ac) . The long transformants were also malformed ( Fig. 6B,  d) . Both transformants exhibited slow growth and defects in the maintenance of cell shape.
Effects of TCBP-25 knock down in mating cells
Transformants were tested for their ability to conjugate. Eight clones of the short transformants acquired sexual maturity at the 23rd day from transformation. The long transformants were still immature. Although the suppres-sion of TCBP-25 was very effective in the long transformants, vegetative growth was somehow very slow and this slow growth limited the use of the transformants. Two of the short transformants, short-a and short-b, exhibited mating type II and VII, respectively, and were further analyzed. The mating ratio. Developmental processes of the transformants during conjugation were profiled. Mating between short-a and short-b transformant clones was induced. The mating ratio (the number of cells forming pair/that of total cells) of the transformants was over 0.7 similar to the ratio seen in wild-type cells. At 2-4 h after mixing prestarved cells, the transformants started pairing, while wild-type cells started pairing at 2-3 h. After 8.5 h mating transformants entered the macronuclear anlagen stage, while this occurred after only 8 h in wild-type pairs. In short, mating was relatively unaffected in antisense transformants. Localization of TCBP-25. To investigate the localization of TCBP-25 in pairs of antisense transformants, immunofluorescence microscopy using an anti-TCBP-25 antiserum was performed. In pairs of antisense transformants, the cortical fluorescence was diminished as compared with that seen in wild-type pairs (Fig. 7A ). Fig. 7B shows the indirect immunofluorescence localization of TCBP-25 at the pronuclear exchange stage. In 100% of wild-type pairs, TCBP-25 was localized around both the migratory and stationary pronuclei ( Fig. 3A and Fig. 7B, left) . In about 70% of the transformant pairs, TCBP-25 was localized around the pronuclei as it was in wild-type pairs. In 30% of the transformant pairs, TCBP-25 was not visible around the pronuclei (Fig. 7B, right) . Pronuclear exchange. To determine whether the reduction in gene expression of TCBP-25 influenced pronuclear exchange, immunological staining of nuclei with BUdR was carried out (Fig. 8) . The transformants were incubated with BUdR prior to mating with an unlabeled partner. This effectively allowed us to visualize the nuclear products of one partner and follow them throughout conjugation (Fig. 8A,  a) . Whether the pairs exchanged the pronuclei or not was judged from the stage after the pronuclear fusion. Twentysix percent of antisense transformant pairs (n=50) failed to transfer pronuclei. As a control, 4% of wild-type pairs (n=50) failed to execute pronuclear exchange (Fig. 8B ).
Discussion
We examined the localization of TCBP-25 during mating in a number of conjugation mutants. Based on the results obtained, we evaluated the three hypotheses on the role of TCBP25.
Hypothesis 1: TCBP-25 plays a role in differentiating persistent gametic pronuclei from degenerative post-meiotic nuclei. cnj10 pairs properly eliminate three relic micronuclei, but TCBP-25 does not localize around the two pronuclei even in the mutant pairs that successfully generate pronuclei ( Fig. 3B and Table I ). This observation suggests Growth curve of in wild type and the short transformants. Cells were cultured without shaking at 30°C. Abscissa: time (hours), ordinate: cells/ ml. black diamond-shape: Wild type, black square: short-a, black triangle: short-b. (B) Light microscopy of the long transformants. The long transformants were cultured in iron-supplemented proteose peptone medium plus paromomycin (130 μg/ml) without shaking at 30°C. a: micrograph of transmitted light microscopy (with inverted microscope), b-d: micrographs of differential interference contrast microscopy. Arrowhead: malformed cell. Bars, 50 μm.
that TCBP-25 is not necessary for distinguishing pronuclei from degenerative nuclei.
Hypothesis 2: TCBP-25 plays a role in migratory pronuclear exchange. In cnj10 pairs that fail to exchange pronuclei, TCBP-25 also failed to localize around pronuclei ( Fig. 3B and Table I ). Moreover, in bcd2 pairs that were able to exchange pronuclei, TCBP-25 was localized around the migratory pronuclei ( Fig. 3D and Table 1 ). These results are consistent with this hypothesis.
Hypothesis 3: TCBP-25 plays a role in pronuclear fusion. In bcd2 pairs that failed to undergo pronuclear fusion, TCBP-25 was abundant around the pronuclei as in wildtype pairs ( Fig. 3D and Table I ). In fact, TCBP25 appeared to linger long after the nuclear exchange was complete. On the other hand, in cnj7 pairs (some of which are capable of undergoing pronuclear fusion), TCBP-25 was never observed to localize around the pronuclei (Fig. 3C and Table I ). These results suggest that pronuclear fusion is not dependent on TCBP25 decoration. In fact, from these and other (unpublished) observations, we suspect that both TCBP25 and fenestrin must be cleared from the pronucleus in order to allow pronuclear fusion to proceed.
These observations eliminate the first and the third hypotheses, and support the second. Therefore, we propose that TCBP-25 is unnecessary for either pronuclear differentiation or pronuclear fusion, but it does play a role in migratory pronuclear exchange.
Drug studies (Hamilton and Suhr-Jessen, 1980 ) and ultrastructural observations (Orias et al., 1983) show that microtubules play a key role in pronuclear exchange. We analyzed the localization of α-tubulin in cnj10 pairs, which are defective in pronuclear exchange, in order to investigate the relationship between TCBP-25 and α-tubulin. cnj10 pairs undergo frequent anchoring failure (anchoring nuclei to the conjugation junction), and subsequently fail to adopt the exchange configuration (Fig. 1A) . Instead, the pronuclei of cnj10 maintain their roundness and their distance from the conjugation junction (Cole and Soelter, 1997) . In cnj10 pairs, the astral α-tubulin extending from the pronuclei periphery to cytoplasm was not observed and pronuclei remained distant from the conjugation junction (Fig. 4) . This result suggests that the astral α-tubulin may be involved in anchoring pronuclei to the conjugation junction, and that the cnj10 gene product may play an essential role in the connection between microtubules and pronuclear periphery.
In addition, observations in wild-type pairs showed that α-tubulin appears around the pronuclei before the appearance of TCBP-25 and that TCBP-25 was never localized around the pronuclei without the presence of α-tubulin. These results suggest that the appearance of TCBP-25 around pronuclei requires the localization of α-tubulin around pronuclei. It is likely that TCBP-25 is involved not only in pronuclear exchange but also other processes utilizing cytoskeletal structures.
We succeeded in reducing the expression of the TCBP-25 gene using the antisense ribosome technique. The portion and size of the target gene chosen as an insert fragment strongly influences whether an antisense rRNA can suppress target gene expression. Sweeney et al. (1996) showed that only fragments including part or all of the 5' UTR had antisense activity. We followed this information and prepared two (short and long) fragments including part of the 5' UTR. Both fragments had antisense activity. It is likely that the long fragment had more efficient antisense activity than the short fragment, because the long transformants exhib-ited a slower growth rate and a defect in the maintenance of cell shape (Fig. 6B ). Although long transformants showed more critical effect in vegetative growth, it was likely that debris surrounding the cells will inhibit the cell starvation and mating process. The morphology of the long transformants incubated in the starvation medium was similar to the cells in vegetative growth medium, suggesting the technical difficulty of bringing the long transformants to conjugation. This was a concern for us in using the long transformants for further conjugal analysis. For these reasons we analyzed the conjugation in the short transformants taking advantage of their rapid sexual maturation.
The short transformants were aberrant in growth. The transformants had a longer doubling time than that of the wild type. In addition, there was much cell debris when the short transformants were cultured with shaking. This observation indicates that the short transformants are sensitive to the physical damage brought on by shaking. The long transformants also showed a defect in the maintenance of cell shape. The cells were frequently malformed, and an abundance of cell debris was observed even when the cells were cultured without shaking (Fig. 6B ). Immuno-electron microscopy showed that TCBP-25 is associated with the epiplasm. The epiplasm is thought to be a cytoskeleton underlying the plasma membrane, which contributes to the organization and maintenance of cell shape (Grain, 1986) . Therefore, it is reasonable to assume that TCBP-25 plays a role in the maintenance of cell shape possibly as a significant component of the epiplasm. The epiplasm of most ciliates is in close contact with the alveoli. On the basis of their ultrastructural morphology and their close apposition to the plasma membrane, the alveoli in Paramecium (Allen and Eckert, 1969) and in Tetrahymena (Satir and Wissig, 1982) have been proposed to constitute a Ca 2+ storage compartment. Thus we infer that TCBP-25 may be a component of the membrane cytoskeleton and may serve to regulate cytoskeletal dynamics in a Ca 2+ -dependent manner.
The reduction in gene expression of TCBP-25 by antisense transformation resulted in both a decrease in the number of pairs that exhibited immunofluorescent labeling of pronuclei and a proportionate reduction in pronuclear exchange efficiency. It seems that the percentage of the cells that failed to exchange pronuclei corresponded to the percentage of the cells in which TCBP-25 was no longer localized around the pronuclei. Although many of the transformant pairs failed to undergo pronuclear exchange, most pairs achieved new macronuclei formation. Mutational analysis (Cole and Soelter, 1997) and pronuclear exchange block by vinblastine or hyperosmotic shocks Hamilton and Suhr-Jessen, 1980; Kaczanowski et al., 1985; Hamilton et al., 1988) have revealed that postzygotic development is independent of pronuclear exchange. Furthermore, genetic and autoradiographic evidence have revealed that pronuclear exchange blocked by anti-microtubule agents can induce self-fertilization (Hamilton and Suhr-Jessen, 1980) . Thus it is likely that pairs of transformants which failed in pronuclear exchange may have carried out self-fertilization and were able to produce new macronuclei. Overall, our results support an active role for TCBP-25 in migratory pronuclear exchange. Conjugation in T. thermophila is a complex process, which takes about 12 hours. The timing of the nuclear events is tightly controlled, and some temporal regulation should be at work during conjugation. It is possible that TCBP-25 regulates pronuclear exchange in a Ca 2+ -dependent manner. Ca 2+ is a key second messenger in many eukaryotic cells. Ca 2+ signals are transduced into intracellular response, in part by Ca 2+ -binding proteins. This study suggests that sexual reproduction of T. thermophila, and in particular nuclear exchange, may involve a Ca 2+ -dependent process.
In the present study, we suggest that TCBP-25 plays a role in the maintenance of cell shape and takes part in pronuclear exchange during conjugation. Further analysis of the long transformants will elucidate the function of TCBP-25 during conjugation and the maintenance of cell shape, and will shed new light on the mechanism of migratory pronuclear exchange and cellular morphogenesis in T. thermophila.
